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Abstract. The importance of the interaction of

chemistry and dynamics in the upper troposphere

and lower stratosphere for chemical species like ozone

is investigated using two chemistry-climate models.

Species emitted in the upper troposphere, like NOx

(=NO+NO2) by lightning or aircraft, have the chance
to be transported into the lowermost stratosphere. Tra-

jectory calculations suggest that the main transport
pathway runs via the Inter Tropical Convergence Zone,

across the tropical tropopause and then to higher lati-

tudes, i.e. into the lowermost stratosphere. Longer life-

times of NOx in the lower stratosphere yield an accu-

mulation of NOx there, which feeds back on upper tro-

posphere chemistry. This effect has been estimated for

lightning NOx emissions and reveals a contribution of

at least 25% to 40% to the total northern hemisphere

mid-latitude lightning increase of either NOx and ozone.

1. Introduction

Increasing attention has been paid to effects of air-

craft emissions [Brasseur et al., 1998; IPCC, 1999] and

lightning emissions [e.g. Stockwell et al., 1999; Grewe

et al., 2000] on the chemical atmospheric composition.

Lightning and aircraft are the only two direct NOx
(=NO+NO2) emitters in the upper troposphere. Their

impact on climate via production of ozone and destruc-

tion of CH4 has been discussed on the basis of model

simulations [IPCC, 1999]. Most of these models include

detailed troposphere chemistry and some kind of upper

boundary condition between 50 and 100 hPa to repre-

sent stratospheric chemistry. However, the impact of

an upper boundary condition at these altitudes on esti-

mates regarding the upper troposphere has not yet been

investigated.

Holton et al. [1995] presented principal transport pat-

terns concerning stratosphere-troposphere exchange: Isen-

tropic mixing from the upper tropical troposphere to
the mid-latitude lowermost stratosphere and large-scale



tropicalascentandisentropictransportto higherlati-
tudesarethemaintransportmechanismsbywhichup-
per tropospheretropicalairmassesmayinfluencethe
lowerstratosphereat higherlatitudes.Estimationof
theeffectsof emissionsin theuppertroposphereare
stronglyinfluencedbythesetransportpathways,since
emissionsof NOx mayaccumulatein the lowermost
stratosphere,whereits lifetimegreatlyexceedsits tro-
posphericlifetime.Thepresentpaperaimsat investi-
gatingtheeffectofacouplingoftroposphereandstrato-
spherechemistryanddynamics.UsingtheLagrangian
transportalgorithmATTILA[Reithmeier,2000]trajec-
tory calculationsprovideinformationaboutthepath-
waysofspeciesemittedin theuppertroposphere.The
coupledchemistry-climatemodelECHAM4.L39(DLR)/CHEM
of thetroposphereandlowerstratosphereandthetro-
posphereGISSchemistry-climatemodelwill beusedto
investigatethe importanceoftroposphere-stratosphere
coupling,exemplaryforlightningemissions.

2. Brief model descriptions

TheLagrangiantransportschemeATTILA [Reith-
meier, 2000] has been developed on the basis of the

chemistry transport model STOCHEM [Collins et al.,

1997]. It has been coupled to ECHAM4, in a way that
full information is provided at every time-step. It in-

cludes state-of-the-art parameterizations for turbulent

mixing within the boundary layer [Maryon et aI., 1991],
diffusion [Walton et al., 1988], and convection [Brinkop

and Sausen, 1997].

The coupled climate-chemistry model ECHAM4.L39(DLR)/CHEM

[Hein et al., 2000; Land, 1999] is based on the spectral

general circulation model (GCM) ECHAM4 [Roeckner

et al., 1996] with increased vertical resolution (700 m

at tropopause altitudes). The chemical module [Steil et

aI., 1998] has already been coupled to ECHAM3 and

used in a variety of studies regarding the tropospheric

and stratospheric chemistry [e.g. Grewe et al., 1999]. It

includes stratospheric heterogeneous and homogeneous

ozone chemistry and tropospheric NOx-CH4-CO-OH-

O3-chemistry with 107 photochemical reactions and 37
species.

The GISS II' ('two prime') GCM [Hansen et aI., 1997]
was developed from the GISS GCM version II. GISS

II' has 9 'sigma' coordinate levels leading to a vertical

resolution at the tropopause of 3 to 4 km. A chemistry

module has been coupled to the GCM including 52 reac-

tions of 24 species for tropospheric chemistry [ShindeIl

et al., 2000]. It describes mainly the same chemistry like

CHEM, but also takes into account N205 hydrolysis on

sulfate aerosol. Ozone, NOx, and NOy are prescribed



at 110hPa.
Peroxyacetylnitrate(PAN)andexplicitnon-methane

hydrocarbon(NMHC)chemistryis omittedin both
models.SurfaceNO×emissionsof 33.1and38.1TgN
peryear,andaircraftNOxemissionsof0.56and0.51TgN
peryearareincludedin theECHAM4.L39(DLR)/CHEM
andtheGISSmodel,respectively.Thelightningparam-
eterizationsgenerateNOxinteractivelywiththeconvec-
tionscheme[Priceet aL, 1994].

The two climate-chemistry models differ mainly in

the vertical resolution, the treatment of stratospheric

chemistry and the overall transport characteristics, and

less in the description of tropospheric chemistry.

3. Transport of species emitted in the

upper troposphere

To investigate the transport pathways of emitted

species the Lagrangian transport scheme ATTILA has

been applied on the basis of an ECHAM4 present-

day climate simulation. Two different idealized emis-

sion sources and regions have been defined. An air-

craft source (A) and a tropical lightning source (L),

which both are located in the upper troposphere (150-

300 hPa) but at different latitudes, i.e. 20°N-50°N

and 20°S-20°N, respectively. For each region 10,000 air

parcels have been released. After one year of integra-

tion 85 to 90% (Table 1) of the air parcels are in the

troposphere (T) and 4 to 5% in the lowermost strato-

sphere (LMS). Since the regions themselves are of very

different volume and mass, a mass related comparison

offers the best basis for the interpretation of the re-

sults concerning the importance of upper troposphere

emissions for these regions. The density of air parcels

originating from the source regions A and L and the
contribution to the total mass in the lowermost strato-

sphere is around 60% of the corresponding tropospheric

contributions (Table 1). This clearly reveals the impor-
tance of the coupling of the lowermost stratosphere and

upper troposphere for investigations concerning upper

troposphere emissions.

Figure 1 shows how air parcels are transported from

the two sources regions A and L to the lowermost strato-

sphere. Most of these air parcels (more than 85% for

the aircraft source and more than 70% for the lightning

source) are first transported downwards and then, at

the Inter Tropical Convergence Zone (ITCZ), upwards
into the lower tropical stratosphere. Meridional trans-

port moves those air parcels to the lowermost strato-

sphere of both hemispheres. Therefore species emitted

in the upper troposphere are mainly entering the low-

ermost stratosphere via transport across the tropical

[Table I I

[Figure 1]



tropopanse. They may then even return to the upper

troposphere by a downward flux from the stratosphere

to the troposphere in the extra-tropics.

4. Impact of lightning NOx emissions on

the chemistry

Considering these transport pathways, the effect of

lightning NOx emissions is studied with the ECHAM4.L39(DLR)/CHEM

model and the GISS model, which have upper bound-

aries for NOy and NOx at 10 hPa and 110 hPa, respec-

tively. Additionally, ECHAM4.L39(DLR)/CHEM has

been applied with an upper boundary at 80 hPa, with

values for NOy derived from the simulation with the
10 hPa upper boundary. For each of those three mod-

els, 2 simulations for the year 1990 were performed: one

with and one without emissions of NO× from lightning.

A 5 year simulation length is considered after a spin up
/ /

time. Figure 2 views the results for nitrous oxide and ]Figure 2]

ozone. It clearly shows that ECHAM4.L39(DLR)/CHEM
L J

allows for an accumulation of NOx in the upper tro-

posphere and lower stratosphere. Maximum relative

changes are found in the tropical stratosphere and up-

per troposphere, where NOx is more than four times
higher than in the experiment without the NOx light-

ning source. Ozone is increased by 70% in the upper

tropical troposphere and also shows increases at higher

latitudes. Introducing an upper boundary at 80 hPa

strongly reduces the effect of lightning emissions. The

maximum tropospheric NO× increase is still at 200 hPa,

but strongly reduced. However, below that region only
small differences occur between the 2 simulations. Ni-

trogen oxides at southern and northern mid and high

latitudes are much less influenced by lightning. The

GISS model, which has the NO× upper boundary at

110 hPa, shows a similar pattern of the lightning in-

duced NOx changes as the ECHAM4.L39(DLR)/CHEM

model with the lowered upper boundary condition. In

the tropics relative changes due to lightning axe 50%

less. However, absolute changes are similar. The in-
crease at higher northern latitudes mainly results from

lightning occurring in the extra-tropics. Ozone changes

are only found in the tropics, peaking in the middle

troposphere.

The differences in the calculated impact of the light-

ning NO_ emissions can largely be attributed to the

suppressed transport mechanisms, as shown in the pre-

vious section. The contribution of this troposphere-

stratosphere dynamical-chemical coupling is estimated
in Table 2. In the extra-tropical upper troposphere [Table 2J

(225 hPa to 350 hPa) this contribution to the enhance-

ment of the NO_ and NOy due to lightning accounts



for roughly25%to 35% and 25% to 40%, respectively.
Its contribution to an ozone increase is about 35% to

40% in that region. These values are much lower in the

tropical region.
More than a third of the increase of ozone due to

lightning at northern mid and high latitudes can there-

fore be attributed to tropical NOx emissions, which is
10% of the NOx concentration there. In the southern

hemisphere it is even 15%, since the background NOx

concentration is smaller, but the coupling mechanism

effects uniformly both hemispheres.

Taking into account that the lowered upper boundary

(80 hPa) still allows some transport from the tropical

troposphere to the lowermost stratosphere, these esti-

mates can only be lower limits for the ECHAM4.L39(DLR)/CHEM.
This is supported by the GISS model, which allows no

such transports and shows no significant ozone changes
at mid latitudes.

5. Discussion and Conclusion

Applying a Lagrangian trajectory model, we showed

that species emitted in the northern upper troposphere,

e.g. NO_ by aircraft or lightning, have the chance to

reach the lowermost stratosphere of both hemispheres.

The species are transported downwards and southwards

to the tropics and then in the ITCZ into the tropical

stratosphere and afterwards to the lowermost strato-

sphere. Almost all trajectories from the northern up-

per troposphere to the lowermost stratosphere showed

this pathway. For the trajectory simulations, no sinks

have been taken into account, since we only focused

on the principal transport pathways. The dynamical-

chemical simulations, which include sinks and sources

for nitrogen species, clearly show the long range im-

pacts. This transport pathways give a reasonable expla-

nation of how species released by aircraft, mainly flying

on the northern hemisphere, affect the southern lower-
most stratosphere, as shown with aviation fuel tracer

simulations [Danilin et al., 1998] and aircraft NO_ sim-

ulations [Grewe et al., 1999].
By lowering the upper boundary from 10 hPa to

80 hPa, the effect of this transport mechanism on the

chemical impact of lightning has been investigated. It

clearly shows a strong impact on upper troposphere

NOx and ozone in the extra-tropical upper troposphere,

indicating that the coupling of the upper troposphere
with the lower stratosphere is essential for estimates of

the chemical impacts of emissions, released in the upper

troposphere. Since the trajectories pass the lower tro-

posphere, the coupling mechanism is also relevant for

surface emissions, at least in the tropics.
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Figure 1. Composites of trajectories which start in the
source regions A (left) and L (right), then are trans-
ported to the tropical (20°S to 20°N) troposphere (air
pressure more than 400 hPa) and then end in the lower-
most stratosphere. Mean trajectories are calculated for
each of these three paths and afterwards combined to a
single trajectory. The composites include 70%, 100%,
71%, and 67% of all trajectories from the source region
A to NLMS, A to SLMS, L to NLMS, and L to SLMS,
respectively (see Table 1).

Figure 1. Composites of trajectories which start in the source regions A (left) and L (right), then are transported
to the tropical (20°S to 20°N) troposphere (air pressure more than 400 hPa) and then end in the lowermost
stratosphere. Mean trajectories are calculated for each of these three paths and afterwards combined to a single
trajectory. The composites include 70%, 100%, 7170, and 6770 of all trajectories from the source region A to
NLMS, A to SLMS, L to NLMS, and L to SLMS, respectively (see Table 1).

Figure 2. Annual mean relative changes [70] of NOx
(left) and ozone (right) due to lightning NO× emissions.
Results are shown for the ECHAM4.L39(DLR)/CHEM
models with an upper boundary at 10 hPa (top) and
80 hPa (middle) and for the GISS model (bottom) with
an upper boundary at 110 hPa. Changes are calculated
relative to a simulation without lightning emissions. All
ECHAM4.L39(DLR)/CHEM results are significant at
a 99% level. In the GISS model, the light and dark
shading indicates the 9570 and 9970 significant levels
(t-test). The tropical changes of NOx due to lightning
in the both models with a low upper boundary have
similar absolute changes.

Figure 2. Annual mean relative changes [70] of NOx (left) and ozone (right) due to lightning NOx emissions.
Results are shown for the ECHAM4.L39(DLR)/CHEM models with an upper boundary at 10 hPa (top) and
80 hPa (middle) and for the GISS model (bottom) with an upper boundary at 110 hPa. Changes are calculated
relative to a simulation without lightning emissions. All ECHAM4.L39(DLR)/CHEM results are significant at a
9970 level. In the GISS model, the light and dark shading indicates the 9570 and 9970 significant levels (t-test).
The tropical changes of NO× due to lightning in the both models with a low upper boundary have similar absolute
changes.
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Table1. Shareofparticles[%],itsdensity[airparcels
perair mass],andshareof masswithin thetargetre-
gions[%],whicharetransportedfromthesourceregion
A (150-300hPa,20°N-50°N)andL (150-300hPa,20°S-
20°N)to thestratosphere'S' (< 150hPa),northern
lower-moststratosphere'NLMSr-(150-250hPa,20°N-
90°N)southernlower-moststratosphere'SLMS'(150-
250hPa,20°S-90°S),andthetroposphereT' (rest).

Region T NLMS SLMS S

Shareof [%] A 87.9 2.3 2.0 7.8
particles [%] L 86.0 2.5 2.5 9.0
Particle [(10_6kg)-1] A 21 14 12 10
density [(1016kg)-1] L 21 14 14 10
Mass [%] A 3.6 2.3 2.0 1.7
fraction [%] L 5.6 3.8 3.9 3.1



Table2. Relativecontribution[%]ofthetroposphere-
stratospherecouplingtothelightninginducedenhance-
mentofNOx,NOy,andozonein theuppertroposphere
(225-350hPa).Thecontribution[%]ofthetroposphere-
stratospherecouplingrelativeto thebackgroundcon-
centrationisgivenin brackets.

90°N 60°N 30°N 30°S 60°S
_60°N _30°N _30°S -60°S -90°S

NOx 34(10) 26(10) 5( 4 ) 19(14) 23(14)
NOy 39( 8) 26( 9) 8( 7) 22(15) 26(14)
03 41( 6) 34( 7 ) 17 ( 8 ) 28 (11) 29 (10)
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